Two main patterns of gene expression of Streptococcus pneumoniae were observed during infection in the host by quantitative real time RT-PCR; one was characteristic of bacteria in blood and one of bacteria in tissue, such as brain and lung. Gene expression in blood was characterized by increased expression of pneumolysin, pspA and hrcA, while pneumococci in tissue infection showed increased expression of neuraminidases, metalloproteinases, oxidative stress and competence genes. In vitro situations with similar expression patterns were detected in liquid culture and in a newly developed pneumococcal model of biofilm respectively. The biofilm model was dependent on addition of synthetic competence stimulating peptide (CSP) and no biofilm was formed by CSP receptor mutants. As one of the differentially expressed gene sets in vivo were the competence genes, we exploited competence-specific tools to intervene on pneumococcal virulence during infection. Induction of the competence system by the quorum-sensing peptide, CSP, not only induced biofilm formation in vitro, but also increased virulence in pneumonia in vivo. In contrast, a mutant for the ComD receptor, which did not form biofilm, also showed reduced virulence in pneumonia. These results were opposite to those found in a bacteraemic sepsis model of infection, where the competence system was downregulated. When pneumococci in the different physiological states were used directly for challenge, sessile cells grown in a biofilm were more effective in inducing meningitis and pneumonia, while planktonic cells from liquid culture were more effective in inducing sepsis. Our data enable us, using in vivo gene expression and in vivo modulation of virulence, to postulate the distinction -from the pneumococcal point of view -between two main types of disease. During bacteraemic sepsis pneumococci resemble planktonic growth, while during tissue infection, such as pneumonia or meningitis, pneumococci are in a biofilm-like state.
Introduction
Streptococcus pneumoniae is the main cause of community-acquired pneumonia and meningitis in children and the elderly and of septicaemia in HIV-infected individuals. It is also one of the principal causes of otitis media. Bacteraemia has been reported to accompany more than 25% of cases of pneumococcal pneumonia (Afessa et al., 1995) and pneumococcal bacteraemia accounts for at least 10% of all cases of bacteraemia (Aszkenasy et al., 1995) . In places with high HIV positivity, there is a significant increase in the rate of pneumococcal bacteraemia and the increase is most marked in young adults (Karstaedt et al., 2001) . In addition to these more classical situations, pneumococci are also reported in a variety of other diseases, including arthritis, osteomyelitis, endocarditis, endophthalmitis, abscesses, necrotizing fasciitis, and sinusitis. Despite its importance as a pathogen, relatively little is known about the pathophysiology of pneumococcal diseases. Unsolved issues include (i) the mechanism of shifting from a colonizer organism to an invader, (ii) the mechanism of translocation across the blood-brain barrier to cause meningitis, (iii) the difference between sepsis with a primary focus of disease and sepsis without focal disease and (iv) differences in bacterial behaviour during the diverse clinical diseases.
Soon after the discovery of S. pneumoniae and the setting up of a serological classification scheme, it became obvious that pneumococcal strains tended to loose characteristic phenotypes upon cultivation in laboratory media. The link between colony phenotype and virulence was first described in the seminal study of Griffith in 1928 (Griffith, 1928) . He introduced a completely new concept, namely transformation of type. These experiments led to the mouse not only being used for selection of revertants, but more importantly to enable competence for genetic transformation and selection of transformants. Only a few further reports on transformation in vivo were published, such as the work of Austrian, who described induction of competence in a variety of mammals, including primates (Austrian, 1952) and that of Conant and Sawyer who demonstrated that competence can occur in distinct anatomical sites, including the lung and peritoneum (Conant and Sawyer, 1967) .
Some 30 years after the description of the methodology for in vitro transformation (Alloway, 1932) , Tomasz and Hotchkiss (1964) reported that co-ordinated induction of competence takes place at a particular cell density in exponentially growing cultures of pneumococci. Later, Tomasz showed that control of the competent state in the pneumococcus is dependent on a hormone-like pneumococcal product (Tomasz, 1965) . The identification of a unmodified 17-amino-acid peptide pheromone (competence stimulating peptide; CSP) as responsible for the cell-to-cell signalling in competence development enabled a detailed description of this quorum-sensing phenomenon (Havarstein et al., 1995) . A recent analysis using microarrays described the temporal expression profiles of pneumococcal genes upon exposure to CSP (Dagkessamanskaia et al., 2004; Peterson et al., 2004 ). Peterson and colleagues described early, late and delayed gene induction and repression after CSP stimulation. Genes showing early expression include the comABCDE genes and the alternative sigma factor comX. The late comX-dependent genes included further genes playing important roles in transformation, while part of the delayed comXindependent genes appear to be stress related. The group of repressed genes included ribosomal protein loci and other genes involved in protein synthesis. In these studies no change in the expression of the most obvious virulence genes was found (Dagkessamanskaia et al., 2004; Peterson et al., 2004) .
A variety of virulence factors have been described for S. pneumoniae, including the polysaccharide capsule (Bornstein et al., 1968) , the pore-forming toxin pneumolysin and a variety of surface proteins including PspA, PspC, neuraminidases and hyaluronidase and the zinc metalloproteinases (Kadioglu et al., 2002; Ogunniyi et al., 2002; Blue et al., 2003; Chiavolini et al., 2003; King et al., 2004; Manco et al., 2006) . For most of these factors, the impact on virulence differed when mutants were assayed in different models of infection. The tissue or disease restricted importance of single bacterial factors highlights the fact that in vivo situations have distinct constraints that impact on fitness. This concept is also supported by genome-wide screenings for virulence factors and microarray analysis for virulence genes, which demonstrate the tissue specific gene expression of a wide variety of genes (Polissi et al., 1998; Lau et al., 2001; Hava and Camilli, 2002; Orihuela et al., 2004a,b; LeMessuier et al., 2006) .
While pneumococcal virulence and transformation have been studied for a long time, the physiological states of the pneumococcus in vitro have been studied less intensely. One reason for this is that pneumococci tend to undergo autolysis after prolonged incubation. Therefore, there is a lot of information on autolysis but scarce information on how the pneumococcus behaves in different in vitro environments, such as planktonic growth or sessile growth on agar or in submerged biofilms. However, some characteristics of biofilm formation by oral streptococci, which are taxonomically very similar to the pneumococcus, have been described. Interestingly, the formation of biofilm is, at least to a certain extent, linked to competence in S. gordonii, S. mutans and S. intermedius (Loo et al., 2000; Li et al., 2002; Cvitkovitch et al., 2003; Petersen et al., 2004; Qi et al., 2006) . In these bacteria, biofilm is induced by the CSP peptide, and competence mutants in comC (CSP peptide gene), comD (CSP receptor histidine kinase) or comE (regulator of the to ComD kinase) are biofilm defective (Loo et al., 2000; Li et al., 2002; Cvitkovitch et al., 2003; Petersen et al., 2004; Qi et al., 2006) . For S. pneumoniae, few data were available on biofilm formation until recently, when a biofilm reactor-grown biofilm was reported, and the extracellular polymeric substance of the pneumococcal biofilm was described (Waite et al., 2001; Donlan et al., 2004; Allergucci et al., 2006) .
We have recently published that CSP, if given intravenously in a murine model of pneumococcal bacteraemia, increases the survival rate of mice . This antibacterial or anti-fitness effect was in part explained by a bacteriostatic effect that CSP has on logarithmically growing cultures (Dagkessamanskaia et al., 2004; Oggioni et al., 2004; Qi et al., 2006) . As it was difficult to combine these observations to the historical data on transformation in vivo, we more systematically explored the behaviour of the competence network in vitro and in vivo. In the present work, by analysing gene expression profiles and exploiting models of infection, we were able to identify two different physiological conditions of pneumococci during infection of the host and to correlate them to the in vitro models of liquid growth and biofilm.
Results

Real time RT-PCR analysis of pneumococcal gene expression profiling during infection
With the aim to define gene expression pattern that may characterize pneumococcal physiology during infection, we set up a method of quantitative gene expression analysis in mice. In order to permit evaluation of samples from individual mice, without the need for pools, we used real time RT-PCR . A set of 29 genes to be monitored was decided after reviewing the literature for known virulence-related genes, competence genes and other regulators (Polissi et al., 1998; Echenique and Trombe, 2001; Lau et al., 2001; Kadioglu et al., 2002; Hava et al., 2003; Mascher et al., 2003; Oggioni et al., 2003; Dagkessamanskaia et al., 2004; King et al., 2004; Peterson et al., 2004) (Table 1) . Virulence and virulence-related genes were those coding for the capsule, the surface proteins PspA and PspC, the neuraminidases NanA and NanB, the surface proteinases IgA, ZmpB, ZmpC and PrtA, the autolysin, the poreforming toxin pneumolysin and genes related to oxidative stress, such as sodA and nox and cell wall biosynthesis ddlA and pbp2x. Expression of the competence system was assayed with primers for comA (ABC transporter for CSP export and maturation), comE (regulator of CSP specific two-component system) and comX (alternative sigma factor). Other regulators assayed were the twocomponent systems TCS02 (micAB), TCS04 (pnpSR), TCS05 (ciaRH) and TCS13 (blpRH or spiRH), the putative quorum-sensing gene luxS, the heat shock regulators hrcA and ctsR, the serine/threonine protein kinase stkP, the virulence gene regulator mgrA, the putative ironregulated regulator SP1638 (dtxR or smrB) and the putative sugar regulators SP1899 (msmR or araC) and regR ( Table 1) .
The gene expression of strain TIGR4 during infection was monitored by real time RT-PCR in three distinct in vivo models, namely meningitis after intracranial (IC) challenge, pneumonia after intranasal (IN) challenge and (Livak and Schmittgen, 2001 ). The internal control gene was gyrB and the reference condition was liquid culture in mid exponential phase. The mean and standard deviation was calculated on the data from three to five infected mice assayed individually. nd, not done. sepsis after intravenous (IV) challenge. Brain samples from mice with meningitis, lung washes of mice with pneumonia and blood of mice with sepsis were collected at the onset of severe symptoms and analysed individually. Pneumococcal gene expression during infection in mice showed two principal patterns; one found in the blood and one during infection of lungs and brain ( Fig. 1 and Table 1 ). The overall pattern of gene expression in the blood of mice was very similar to the pattern of gene expression in liquid tryptic soy broth (TSB) medium during exponential phase of growth in vitro. Values of fold change of gene expression in blood are between 0.5 and 2 (nonsignificant variation) and indicate a reduced variation in this condition, with respect to the reference condition of growth liquid medium. While different from blood, the relative gene expression values of pneumococci in tissue of infected mice, either lung or brain after direct inoculation, are similar. When comparing gene expression in blood against gene expression of pneumococci isolated from lungs and brain it is obvious that some genes show marked variations. A striking feature is that in the tissues each of the three competence genes (comA, comE, comX) had much elevated expression compared with sepsis. The expression of other regulators and virulence genes varied according to site. The virulence genes igA, nanA, nanB, nox, sodA, pbp2x, zmpB and zmpC were upregulated in tissues, whereas ply and pspA showed increased expression in blood. Also regulator genes were differentially expressed, for example comE, comX, ctsR, dtxR, msmR and regR were more expressed in tissues, while the major heat shock regulator gene, hrcA, was upregulated in blood. Some of the monitored genes, namely blpR, ddlA, luxS, mgrA, pnpR and stkP showed increased expression in all in vivo conditions over liquid culture in TSB ( Fig. 1 and Table 1 ).
In all three models of infection samples were collected from animals exhibiting severe signs of disease. In order to evaluate gene expression patterns of pneumococci earlier during infection, samples were taken at 6, 12 and 24 h after IN challenge. Relative gene expression patterns determined were indistinguishable from those detected in lung samples taken at the onset of severe symptoms (data not shown).
In addition to the in vitro reference condition of exponentially growing bacteria in liquid medium, we also assayed for gene expression of pneumococci on blood agar plates. On agar, the cps4A gene, unchanged in all other conditions, showed a significant upregulation, while most other genes showed no changes or diminished levels of expression (Table 1 ). In summary, the results indicate that gene expression patterns of pneumococci in the blood of septic mice are indistinguishable from those in in vitro liquid exponential culture and that a completely different gene expression pattern was observed when analysing pneumococci from infections of brain or lung. None of the two in vivo gene expression patterns matched that found in the in vitro condition of growth on agar plates and none of the two in vitro conditions matched that found in tissues.
Development of a pneumococcal biofilm model
In the search for a novel in vitro condition, possibly matching the gene expression pattern in tissues, a microtiter model for the assay of pneumococcal biofilm formation was set up. Attachment to plastic of pneumococcal strains TIGR4, carrying a comC2 allele coding for CSP2, and D39 (comC1, CSP1) was evaluated in flat bottomed polystyrene wells after 18 h of incubation. Direct microscopic examination of the bottoms of the wells after repeated washes showed the presence of pneumococci attached to the plastic support when incubated in CSP-supplemented medium (CSP1 30 ng ml -1 for D39; CSP2 100 ng ml -1 for TIGR4). Samples were observed both as wet preparations by phase contrast microscopy and after fixation with methanol and staining in bright field. Bacterial cells covered the whole bottom of the wells and were unevenly distributed forming various types of aggregates and clusters (Fig. 2) . Staining by alcian blue, a dye used for polysaccharide matrixes, revealed extracellular material around the attached bacterial cells (Fig. 2B , C, E and F). The microscopic appearance of both strains was similar, and in the case of D39, attached cells tended, in some experiments, to form short chains. Phase contrast microscopy revealed amorphous 'bleb-like' structures compatible with the appearance of hydrated biofilms ( Fig. 2A and  D) . The unencapsulated derivatives RX1 and FP23 of the above strains formed comparable structures as the encapsulated wild-type strains (data not shown). Neither attached cells nor biofilm structures were visible in wells incubated without CSP.
Gene expression of TIGR4 pneumococci attached to plastic was assayed after 18 h of incubation. All genes assayed showed the same pattern of expression in attached cells as in cells recovered from animals with pneumonia or meningitis (Fig. 1C ). This similarity in gene expression pattern was mostly evident for those genes that showed the greatest variation with respect to the reference values (liquid culture), namely a decrease of hrcA, ply and pspA expression and an increase of nanA, nanB, comA, comX and mgrA ( Fig. 1 and Table 1 ). The only exception being nox, which was less expressed on plastic than in all other conditions assayed (Table 1 ). For a subset of genes only, the expression values of biofilm bacteria were compared with stationary planktonic bacteria; gene expression patterns of pneumococci in the two different conditions were not identical, including an absence of upregulation of competence genes in planktonic stationary cells (data not shown).
Biofilm formation is dependent on CSP
The extent of biofilm formation was evaluated by determination of viable counts of pneumococci detached by sonication from wells of polystyrene plates after an overnight incubation. As mentioned above, data show that the number of cells attached to plastic increased 10 000 times over background when bacteria were incubated in CSPsupplemented medium (Fig. 3) . Deletion of the capsule locus had no effect on biofilm formation, as viable counts Panels A, B and C refer to strain D39, while panels D, E and F to TIGR4. Panels A and D show the glossy amorphous blebs visible by phase contrast microscopy on the bottom of microtiter wells. The images of the structures sticking to the bottom of the microtiter wells were taken from washed, but non-fixed, 6 well plates with a 40x objective. Panels B and E show methanol fixed samples stained with alcian blue for polysaccharides and counterstained with crystal violet and observed in bright filed (40¥ objective). Panels C and F are as B and E, but observed with a 100¥ objective. Noteworthy is the uneven distribution of pneumococci on the bottom of the wells (B, C, E and F), which is compatible with the structures seen in panels A and D. The blue staining surrounding pneumococci in bright field (panels B, C, E and F) is compatible with a polysaccharide extracellular matrix described generally as main constituent of bacterial biofilms.
of rough mutants showed identical ability to attach to plastic. To assay for the involvement of the competence regulon in biofilm formation, we compared TIGR4 and D39 to their isogenic mutants in the competence genes comC and comD (Table 2 ). Both the wild-type strains and their ComC-negative derivatives, FP64 and FP5, were able to form biofilms in vitro upon addition of exogenous CSP. Differently, the mutants for the CSP receptor ComD (FP184 and FP48) did not produce any biofilm structure (Fig. 3) . Throughout these experiments, viable counts of attached cells of strain D39 and its mutants were higher than those of TIGR4, both in CSP-supplemented and CSP-free medium.
The optimal concentration of CSP that induced attachment to plastic was assayed by incubation of pneumococcal isolates of different serotype and CSP-pherotype with threefold serial dilutions of CSP, ranging from 3 to 300 ng ml -1 (Fig. 4) . All strains were incubated using CSP1 or CSP2 according to the pherotypes of the strains (Pozzi et al., 1996) . The total number of cells attached to the plastic varied form strain to strain and was found to be higher for strains carrying the comC1 allele (Fig. 4) . Independently of the strain, CSP concentrations ranging from 10 to 100 ng ml -1 induced attachment, while levels of attached cells at 3 ng ml -1 and 300 ng ml -1 dropped to numbers detectable without addition of exogenous CSP. These data indicate that all strains tested have a narrow range in which exogenous CSP is optimal for bacterial attachment to plastic. The growth curve analysis by detecting turbidity of the liquid culture, overlaying the microtiter biofilms, was unchanged in the different conditions. The final turbidity in stationary phase was reduced for some strains at CSP concentrations that give maximal biofilm, but this was neither in direct relation to biofilm quantity nor a characteristic common to all strains (data not shown).
The competence system has a role in pneumococcal virulence in mice
In order to assay if the divergent competence gene expression seen in different in vitro and in vivo environments was reflected in virulence, we did challenge experiments in the presence and absence of CSP. We chose IV and IN challenge as representatives of the two different patterns of competence gene expression (Fig. 1) . The data from the IV infection model have already been published but for clarity, are reported in Fig. 5A . In brief TIGR4 killed half of the mice, but administration of CSP, at challenge and after 24 h, increased survival of mice. Survival of mice challenged with the comD mutant was decreased compared with TIGR4 + CSP and TIGR4 alone. Repetition in this study of IV challenge with FP184, in presence and absence of CSP, confirmed the insensitivity 3 . Viable counts of pneumococci attached to plastic. The pneumococcal strains TIGR4 and D39 and a series of isogenic mutants were evaluated for attachment to polystyrene microtiter wells. After 18 h of incubation in TSB the plates were washed and bacterial cells were detached by sonication. Counts of bacteria from wells with medium alone are shown by empty bars while counts of cells with CSP-supplemented medium are shown in grey (100 ng ml -1 of CSP2 for TIGR4 and 30 ng ml -1 of CSP1 for D39). Strains used in the experiment were the wild-type strains TIGR4 and D39, and their rough mutants FP23 and RX1, comC mutants FP64 and FP5, and comD mutants FP184 and FP48 respectively (Table 2) . to CSP and increased virulence of this mutant in the IV model (data not shown). Using transformation of pneumococci in vitro as detection tool to determine the stability of CSP in vivo we found that the half-life of CSP in blood was less than 1 min (data not shown).
Intranasal challenge was done with 2 ¥ 10 5 and with 2 ¥ 10 6 TIGR4 and FP184 drawn from the identical frozen stocks as for the previous experiment (Fig. 5) . Groups of mice were challenged with the wild-type strain TIGR4 alone, TIGR4 mixed with CSP2, or with FP184. Each mouse was given a single dose of 1 mg CSP2 at challenge. At both infectious doses, FP184 was less virulent in this pneumonia model than TIGR4, as shown previously also by others (Bartilson et al., 2001; Hava and Camilli, 2002) 
Hours after IV challenge
Per cent survival Fig. 5 . Impact of modulation of the competence system on pneumococcal virulence. The effect of inhibition and induction of the competence system on pneumococcal virulence was assayed in the murine infection models of sepsis and pneumonia. In both experiments three groups of mice were challenged with TIGR4 (control group, filled square), the comD mutant FP184 (competence negative strain, filled circle) and with TIGR4 treated with CSP2 (treatment group, open square). Results of the sepsis model (panel A) have been reported previously and are reproduced with the permission of the publisher. In panel A mice were challenged IV and the treatment group (open square) received two IV doses of 1.3 mg CSP2 per mouse at time 0 and 24 h after challenge. Panel B reports IN challenge with a challenging dose of 2 ¥ 10 5 bacteria. In this pneumonia model the treatment group received 1.3 mg of CSP2 once together with the IN challenge. All experiments were performed in CD1 outbred mice (n = 20 IV; n = 2 ¥ 16 IN) using the same frozen bacterial stocks for challenge. Differences in survival are statistically significant for the treatment groups both in the IV challenge in panel A (TIGR4 versus TIGR4 treated, *P = 0.012; FP184 versus TIGR4 treated, ***P Ͻ 0.0001; FP184 versus TIGR4, ns) and the IN challenge in panel B (TIGR4 treated versus FP184, **P = 0.0017; TIGR4 treated versus TIGR4, *P = 0.042; FP184 versus TIGR4, ns). of the group of mice challenged with TIGR4 and treated with CSP. When comparing the data of the pneumonia experiment with the data of the bacteraemia experiment it is obvious that induction of competence by CSP or inhibition of the competence cascade by mutation of comD has opposite effects in the two models. These virulence data show that in bacteraemic sepsis, where competence genes are found to be less expressed, further reduction of competence (i.e. in the comD mutant) results in more severe disease, while upregulation of competence (i.e. by using CSP) decreases the severity of disease. In contrast, when competence genes are more expressed, as in pneumonia and meningitis, reduction of competence results in decreased virulence, while upregulation of competence increases disease severity.
In order to evaluate if the physical state in vitro, either planktonic or sessile, conferred characteristics with a direct impact on virulence we used bacteria from biofilm and form liquid culture for challenge. Pneumococci detached from microtiter wells and from mid log exponential growth were used in parallel for challenge in our IV sepsis model, the IN pneumonia model and the IC meningitis model. As shown in Fig. 6 bacteria from liquid culture were more virulent than bacteria form biofilm in the sepsis model, while to the contrary biofilm bacteria were more efficient in inducing meningitis and pneumonia. Differences in survival are statistically significant for the IV challenge (P = 0.021) and for the IC challenge In all experiments two groups of mice were challenged either with pneumococci from liquid culture (mid log phase) or from biofilm (24 h biofilm cells detached from microtiter plates). In panel A mice were challenged IV with 2 ¥ 10 3 cfu per mouse, panel B reports IC challenge with a dose of 2 ¥ 10 2 cfu and panel C reports IN challenge with a dose of 10 5 cfu. All experiments were performed with strain TIGR4 in MF1 outbred mice (n = 6 sepsis; n = 5 meningitis; n = 10 pneumonia) using the same frozen pre-counted bacterial stocks for challenge. Differences in survival are statistically significant for the IV challenge in panel A (*P = 0.021) and for the IC challenge in panel B (*P = 0.045). The difference in virulence in panel C is not statistically significant (ns, P = 0.067). data are not statistically significant at this sample size (P = 0.067). It should be noted that none of the two challenge strains in this set of infections was mouse passaged, indicating that mouse passage is not essential for pneumococcal virulence.
Discussion
The present work identifies two principal patterns of pneumococcal behaviour in the host during infection; one relative to bacteraemic sepsis and one to infection of tissues as lung and meninges. By gene expression profiling and phenotypic analysis the in vivo conditions of sepsis without primary focus of disease and tissue infection were correlated to the in vitro models of growth in liquid medium and to a newly developed biofilm model respectively. Recent data have suggested that the competence regulon could be involved in the regulation of such in vivo and in vitro systems . In this study, we examined the role of competence in the regulation of pneumococcal growth and virulence in both in vitro and in vivo environments by using gene expression data. The use of CSP and of CSP receptor knock-out strains enabled us to induce or inhibit virulence and growth phenotypes, and to demonstrate that the switch from planktonic life to a biofilm-like state is the key event in the pathogenesis of pneumococcal infection and that the quorum-sensing competence system is the prime regulatory mechanism in this event.
A crucial part of this work involved the set-up of a convenient biofilm model for S. pneumoniae in microtiter plates. This static biofilm model, described extensively for the related oral streptococci, is easier to perform than the more complex continuous culture biofilm models described so far for S. pneumoniae (Waite et al., 2001; Donlan et al., 2004; Allergucci et al., 2006) . In the related species of oral streptococci, biofilm formation on polystyrene plates is described as being induced by CSP and inhibited in mutants for the CSP receptor ComD (Loo et al., 2000; Li et al., 2002; Cvitkovitch et al., 2003; Petersen et al., 2004; Qi et al., 2006) . Our data show that only in the presence of exogenously added CSP, attached pneumococci could be detected on plastic surfaces and that recovery of such attached pneumococci was abolished when using comD mutants. The strict dependency on CSP distinguishes our pneumococcal microtiter biofilm model from the biofilm reactor model with continuous cultures, in which biofilm formation was independent from exogenously added CSP (Donlan et al., 2004) . As pneumococci are aerotolerant anaerobes, biofilms are formed on the bottom of the wells, where they can be conveniently observed by light microscopy. Phase contrast microscopy showed irregular or 'bleb-like' structures independently of the serotype or pherotype of the strain used.
The microscopic observation of blebs in phase contrast microscopy and the staining by alcian blue is compatible with formation of structures composed essentially by hydrated extracellular polysaccharide matrix material common to many biofilms (Donlan and Costerton, 2002) . Upon fixation, microscopy reveals irregularly arranged bacterial cells, which are similar to microcolonies observed by others (Donlan and Costerton, 2002; Branda et al., 2005) . The fact that biofilm is capsule independent, both in TIGR4 and D39, indicates that polymers other than the capsular polysaccharide are involved in structuring of pneumococcal biofilm (Donlan et al., 2004) . The evidence of a role of the competence system in pneumococcal biofilm formation, as already found for oral streptococci (Loo et al., 2000; Li et al., 2002; Cvitkovitch et al., 2003; Petersen et al., 2004; Qi et al., 2006) , allows to analyse its role in genetic transformation from an alternative point of view. During the natural process of competence for genetic transformation, cell density varies rapidly and is an important player in the quorum-sensing game. Differently in a bacterial biofilm, once build up, the cell density is not a main variable, leaving the control of its maintenance and destructuring to optimal signal concentration only. Under this aspect, it is not surprising why only a narrow range of CSP concentration is effective (Donlan and Costerton, 2002; Branda et al., 2005) . Interestingly, the CSP concentrations effective in biofilm formation (30-100 ng ml -1 of CSP for cell densities of abut 5 ¥ 10 8 cfu ml
) are similar in their signal to sensor ratio when compared with the concentrations inducing transformation (2-8 ng ml -1 of CSP for cell densities below 10 6 cfu ml -1
) (Havarstein et al., 1995) . Recognizing this tight link between cell density and optimal CSP concentration, it is not surprising why natural competence is switched on only for few minutes in liquid culture during exponential growth.
The development of the biofilm model was performed with the overall aim to identify in vitro physiological states of the pneumococcus that mimic environments of in vivo infection (Beloin and Ghigo, 2005; Branda et al., 2005) . To compare pneumococcal gene expression in in vitro conditions (liquid culture, submerged biofilm, agar plate) with in vivo models (pneumonia, meningitis and sepsis), we chose to use quantitative real time RT-PCR. This approach was chosen as this is the only technology able to quantify a range of targets ranging from 10 4 (lung at 6 h after challenge) to over 10 8 (severe sepsis), which is the range of concentrations bacteria reach in pneumococcal infection models (Kadioglu et al., 2000; Oggioni et al., 2004; Orihuela et al., 2004b; LeMessuier et al., 2006) . Gene expression data were obtained for pneumococci collected both at end stage disease in models of pneumonia, meningitis and bacteraemic sepsis and during a time-course experiment of pneumonia. By moni-toring pneumococcal gene expression in single organs of single mice, we identified two main gene expression patterns. In blood of mice inoculated intravenously (septic mice) pneumococci showed a pattern of gene expression that was very similar to that in mid exponential phase of growth in liquid culture. Three (hrcA, ply and pspA) out of the 29 genes monitored showed increased expression in this environment, when compared with pneumococci in tissue. Gene expression patterns in lung (IN challenge) or brain (IC challenge) were identical to each other but differed from that in blood (Table 1) . In these tissue conditions surface enzymes involved in interaction with host components, namely the neuraminidases nanA and nanB, the three zinc metalloproteinases and enzymes related to oxidative stress and cell wall, were upregulated. The upregulation of nanA indicates a possible intriguing correlation of our biofilm phenotype to the transparent phase-variant pneumococci, which in turn are correlated to increased colonization capacity (King et al., 2004) . A variety of regulators including comE, comX, dtxR, mgrA and msmR showed increased expression in this condition with respect to the liquid culture and sepsis. For nearly all the genes studied the expression pattern was identical in pneumococci recovered from tissue and from biofilm. This is remarkable when considering that a plethora of growth parameters were different in these situations. Some of the reported changes in gene expression possibly not be exclusive to biofilm or exponential growth, permitted us to obtain a recognizable pattern (Beloin and Ghigo, 2005; Cho and Caparon, 2005) . This pattern provided a tool to characterize in vitro and in vivo models and to design a knowledge-based approach to study virulence in vivo. The fact that the challenge experiments confirm the predictions based on gene expression underline the solidity of the PCR data. The correlation between phenotypic modulation in vitro and in vivo and the identity in gene expression pattern indicate the biofilm model as a convenient in vitro tool to study pneumococci during tissue infection.
Our gene expression data fit quite well to those described by Orihuela for sepsis, while there is nearly no overlap with the evidences from the meningitis model (Orihuela et al., 2004b) . This is most probably due to differences in host species, challenge dose and time of sampling in the two models. When comparing our data with those by LeMessuier, we found a good match between our tissue infection results and their data in the nose and partially in the lungs, but a poor matching with the data from blood (LeMessuier et al., 2006) . Again, this might be due to differences in the models used (mouse strain, pneumococcal strain, route of infection). Due to the plethora of experimental conditions that influence infection models, extreme care must be taken in direct comparison of expression data of single genes in vivo in the absence of accompanying experimental evidence. This fact is underlined by a limited consensus of gene expression data reported so far on this subject (Marra et al., 2002; Ogunniyi et al., 2002; King et al., 2004; Orihuela et al., 2004b; LeMessuier et al., 2006) .
Our previous work showing inhibition of pneumococcal sepsis in mice by CSP has gained a completely new perspective with the current data .
The gene expression data demonstrate that bacteraemic sepsis (IV inoculum) is a disease in which pneumococci behave as they do in liquid culture in mid log phase of growth. Bacteraemic sepsis appears thus to be a disease in which bacteria tend to be in a planktonic state. The addition of CSP, which favours biofilm, shifts the pneumococcal population towards a suboptimal state and reduced fitness. In contrast, the shift of the whole population towards the planktonic state (comD mutant) renders the bacteria even more virulent in a disease were the planktonic state is the hallmark. The main challenge in this work was to evaluate if this in vivo situation, in which we could induce or reduce disease severity, could be repeated in a disease model with an opposite pattern of competence expression. We chose for this our IN infection model, as pneumococci in pneumonia were shown to upregulate competence genes. As predicted, the co-administration of CSP with bacteria significantly increased disease severity and morbidity in pneumonia. This is due to the fact that in a disease in which pneumococci behave as a biofilm, the forcing of this shift towards a biofilm state, by addition of synthetic CSP, exacerbates disease. In contrast, the comD mutant was less virulent in this model. These data are in accordance with data of others (Bartilson et al., 2001; Hava and Camilli, 2002) , which show reduced virulence of the comD mutant in the TIGR4 background in pneumonia and in the D39 background in both pneumonia and in intraperitoneal disease. A decisive demonstration of the hypothesis that the condition of pneumococci in liquid culture and in biofilm was strongly related to their condition in sepsis and tissue infection, respectively, came from challenge experiments directly using bacteria in these diverse physical states. Planktonic bacteria were more efficient/fit at inducing sepsis, while pneumococci harvested from biofilms were more efficient/fit at inducing meningitis or pneumonia. These in vivo data demonstrate that there are at least two distinct physiologic states for pneumococci during infection of the host. The results also indicate that a shift of the bacterial population is always possible in a dynamic in vivo condition, in which population density and behaviour depends on inherently unstable quorums sensing signal molecules (Wang and Leadbetter, 2005) . This datum, showing an upregulation of the competence system in tissue disease, provides also a new molecular justification to the historical data on genetic transformation of pneumococci during infection Pneumococcal biofilm in vivo 1205 of the host (Griffith, 1928; Austrian, 1952; Conant and Sawyer, 1967) .
The description of a biofilm state of pneumococci during tissue infection and of a planktonic state during bacteraemic sepsis is in accordance with the clinical and pathological description of these diseases (Kumar et al., 2004; Kasper et al., 2005) . In the case of lobar pneumonia, which is the classical picture of pneumococcal pneumonia, disease develops over several days with a first phase of common respiratory disease, which is followed by rapid onset of symptoms and if untreated by solidification of alveolar space. During infection alveoli are filled with host cells, mucinous material and generally tend to collapse. In meningitis pathological findings are characterized mainly by inflammation of the pia and the arachnoid linings of the subarachnoidal space with shading of cells and bacteria into the cerebrospinal fluid (CSF). Both conditions are dependent on presence of bacteria at the site of damage and are characterized by marked local involvement of surface structures of body cavity linings. In contrast sepsis, in our case exemplified by a bacteraemia model without primary focus, is defined as a systemic inflammatory response syndrome (SIRS) with infectious cause, in which focal involvement of bacteria attached to surfaces is less relevant (Kasper et al., 2005) . These clinical descriptions of pneumococcal disease fit very well to our observations, which assign distinct physiological states to the infecting bacterial population. Correlation of a biofilm state of infecting bacteria in acute pneumococcal infection is in accordance with the recent descriptions of biofilms formed by other bacterial pathogens responsible for acute disease as Streptococcus pyogenes (Cho and Caparon, 2005) , Haemophilus influenzae and Escherichia coli (Anderson et al., 2006) .
The fact that bacteria in nature are generally organized in biofilms is well recognized by experts working in environmental or industrial microbiology, but the importance of biofilms in medical microbiology is often underestimated. The best-studied medical biofilm examples include Pseudomonas aeruginosa pneumonia (controlled by the lasR/lasI system) (Storey et al., 1998) , a variety of staphylococcal infections (controlled by the agr system) (Ji et al., 1995) and dental biofilms of oral streptococci (controlled by the com system). The quorum-sensing regulatory mechanisms of these models have been proposed as a novel drug target using derivatives of the quorumsensing molecules as lead compounds (Mayville et al., 1999; Stephenson and Hoch, 2002) . To this regard, it should be noted that our data indicate that regulatory systems may, in some occasions, be dangerous drug targets because as well as having a beneficial effect in one condition they can be detrimental in others.
In a three-step process consisting in (i) the description of gene expression patterns in models of infection, (ii) the identification of in vitro correlated models and (iii) the application of validated tools to modulate virulence in vivo, we have demonstrated that pneumococci during infection of the host are in different physical states depending on the disease. Pneumococci during infection of tissues (meningitis and pneumonia) resemble a biofilm-like mode of growth, while bacteria in the blood of septic mice resemble the in vitro model of growth as in liquid medium. The recognition of two diverse physiological conditions of pneumococci during infection and the description of in vitro correlated models may open new approaches for understanding the pathogenesis of pneumococcal infection.
Experimental procedures
Strains and growth conditions
Pneumococcal strains used in this work are reported in Table 2 . Bacteria were grown in TSB (Becton Dickinson) or tryptic soy agar (TSA) supplemented with 3% horse blood at 37°C in a CO2-enriched atmosphere. Bacterial stocks were prepared from mid log cultures and stored frozen at -80°C in 10% glycerol. Antibiotics where appropriate were used at the following concentrations: kanamycin 500 mg ml -1 , spectinomycin 100 mg ml -1 , chloramphenicol 3 mg ml -1 and novobiocin 10 mg ml -1 .
Mutant construction
Isogenic mutants were constructed by gene SOEing as already described (Pearce et al., 2002; . Deletion of comC was obtained by transforming TIGR4 with a genetic cassette amplified from FP5 (Iannelli et al., 2005) , and the resulting strain was denominated FP64. In FP48, insertion of a kanamycin-resistant mariner minitransposon in comD was obtained by transforming RX1 as already reported . Mutants were selected by multilayer plating as previously described .
Biofilm model
Bacteria were grown in flat-bottom polystyrene tissue culture plates (96-well plates; Sarstedt, USA). Frozen pneumococcal cultures (about 1 ¥ 10 8 cfu ml -1 ) were diluted 1:100 in 200 ml of TSB with or without the addition of CSP (Inbios S.r.l. Napoli, Italy) at various concentrations (0-300 ng ml -1 ). Plates were incubated for 18-24 h at 37°C in a CO2-enriched atmosphere. Turbidity of bacterial cultures (OD590) was measured by using the VERSAmax Microplate Reader ELISA apparatus (Molecular Devices, USA). To remove planktonic bacteria, wells were washed four times with ice-cold TSB, and added with 100 ml of TSB containing 10% glycerol. To detach biofilm bacteria, plates were subjected to a 2 s sonication in a water bath (Transonic 460, Elma, Germany). Detached cells (100 ml) were recovered from plates for cfu counts and real time RT-PCR or directly frozen. Sonication for 5 or 10 s did not increase cell recovery, while sonication for 30 s killed bacteria.
Light microscopy of biofilm
Pneumococcal biofilm for microscopic examination was grown in 6 well flat-bottom polystyrene tissue culture plates (Sarstedt, USA) in 2 ml of CSP-supplemented TSB for 18 h in anaerobiosis. After washing the plates with TSB, wells were air-dried, fixed with methanol for 1 min, stained with 2% alcian blue 8GX (Sigma) for 10 min, rinsed, stained with 4% crystal violet (Sigma) for 5 s, rinsed again, and finally dried. Phase contrast microscopy was carried out on washed samples without fixation and staining. Examination of biofilm morphology was done by using a Leica DM1000 Microscope (Leica Microsystems Wetzlar, Germany; 40¥ or 100¥ magnification) and a Leica DFC digital camera (Leica DFC, Cambridge, UK).
Models of infection
Meningitis, pneumonia and sepsis models of infection were used. MF1 and CD1 mice were purchased by Harlan Nossan (Correzzana, Italy and Bichester, UK) and Charles River Italia (Calco, Italy) respectively. Experiments were carried out either at the University of Siena or at the University of Leicester according to the respective national and institutional guidelines. Four different types of experiments were performed: (i) end-stage disease by using meningitis, pneumonia and sepsis models to analyse gene expression in vivo (MF1 mice; University of Siena), (ii) time-course pneumonia model for gene expression analysis in vivo (MF1 mice; University of Leicester), (iii) pneumonia model to study the effect(s) of CSP in vivo (CD1 mice; University of Siena) and (iv) an assay for infectivity of pneumococci harvested from either biofilm or from liquid culture in models of pneumonia, meningitis and sepsis (MF1 mice; University of Siena). Mouse-passaged pneumococci, prepared as previously described (Kadioglu et al., 2000) , were used for inocula. Prior to infection, bacteria were thawed at room temperature, harvested by centrifugation and resuspended in sterile phosphate-buffered saline, pH = 7.4 (PBS). After infection, mice were regularly monitored for clinical signs (starry fur, hunched appearance and lethargy) throughout the experiment. Mice before becoming severely lethargic during the course of the experiment were humanely sacrificed. In experiment (i), mice were infected with TIGR4 either via the intracranial-subarachnoidal (IC) route with 10 5 cfu (total volume of 30 ml; n = 5) , or the IN route with 5 ¥ 10 7 cfu (15 ml per nostril; n = 5) , or the IV route with 4 ¥ 10 7 cfu (200 ml; n = 5) . All mice becoming symptomatic after IC or IN inoculum were confirmed to be bacteraemic. Mice with meningitis were sacrificed between 18 and 32 h from infection, animals with pneumonia between 39 and 57 h, while septicaemic mice were killed between 40 and 57 h. Brains, lung lavages and blood samples were collected. In experiment (ii), mice (n = 12) were lightly anaesthetized with 2.5% (v/v) fluothane (AstraZeneca, Macclesfield, UK) over oxygen (1.5-2 l min -1 ) prior to IN infection with 50 ml of PBS containing 1 ¥ 10 6 cfu of TIGR4. At set time-points, groups of mice were deeply anaesthetized with 5% (v/v) fluothane. Blood, bronchoalveolar lavages and lung samples were collected. In experiment (iii), CD1 mice were infected IN as described . Three groups of mice (n = 16/group) were challenged with either TIGR4, or FP184, or with TIGR4 and CSP2 (1.3 mg mouse -1 ). Experiments were performed with two different bacterial doses (2 ¥ 10 5 and 2 ¥ 10 6 cfu). In experiment (iv), the inoculum preparation differed from the previous three ones. Bacteria were harvested either from mid-log phase cultures by centrifugation or from the bottom of microtiter plates by sonication. Both types of inocula were resuspended in TSB glycerol, stored frozen as aliquots, and diluted in TSB for challenge. Pneumococci were not mousepassaged prior to infection. MF1 mice were infected either IC with 10 2 cfu (n = 5), or IN with 2 ¥ 10 5 cfu (n = 10), or IV with 10 3 cfu (n = 6). All mice that became severely symptomatic were humanely sacrificed. Statistical analysis of survival was done by using the chi-square test.
Sample collection for RT-PCR
Bacteria were sampled from liquid broth, solid medium and infected mice. Pneumococcal cells grown in TSB until mid log phase (OD590 = 0.2) were chilled on ice, harvested by centrifugation, and the bacterial pellet was stored frozen at -80°C until use. Bacteria cultured on TSA plates were collected after 18 h of incubation at 37°C. Plates were incubated in a candle jar with a burning candle to avoid excessive oxidative stress or pH drop resulting from adding CO2 for anaerobic incubation. Bacteria were recovered from agar in 1 ml of ice-cold TSB, put on ice, collected by centrifugation and frozen at -80°C. Pneumococci were detached from biofilms as described above. Mouse samples were obtained from individual animals immediately after the sacrifice. Brains homogenates, lung lavages and blood were collected from mice with meningitis, pneumonia and sepsis respectively. As the amount of CSF obtainable from mice does not exceed few microlitres, we chose to use whole brain homogenates as representative samples for evaluation of gene expression in meningeal infections. Blood was obtained by retrorbital bleeding into tubes containing 1/10 volume of 0.1 M sodium citrate; brains were homogenated in 1 ml of ice-cold PBS, and lung washes were done with 1 ml of PBS. All samples were put on ice and subjected immediately to a low speed centrifugation (800 g, 5 min, 4°C). The supernatant, containing the bacteria, was transferred into a new tube and centrifuged (10 000 g, 5 min, 4°C). The pellet of all samples was resuspended in 100 ml of TE buffer (Tris 10 mM, EDTA 1 mM, pH 7.5) before storage at -80°C.
RNA extraction, retrotranscription and quantitative real time RT-PCR
H2O. Samples were stored frozen at -80°C. Retrotranscription was carried out by using the 'ImProm-II Reverse Transcriptase Kit' (Promega) according to the manufacturer's instructions as described. Briefly, annealing was performed at 25°C for 10 min and extension at 37°C for 1 h. Samples were inactivated at 70°C for 15 min and immediately subjected to real time PCR. Quantitative real time PCR was performed as previously described in a Light Cycler apparatus (Roche) by using the 'Light Cycler DNA-Master SYBR Green I Kit' (Roche). As PCR template, 2 ml of cDNA was used. Primer efficiency was verified by using serial dilution of cDNA ranging from 10 2 to 10 6 target copies per reaction (10 4 -10 8 target copies per sample), and only oligonucleotides with comparable efficiency were chosen. Primers spanning 100-150 bp segments were designed by standard procedures and are reported as Supplementary material (Table S1 ). Primers for gyrB (SP0806), comA (SP0042), lytA (SP1937), comX1 (SP0014) and dprA (SP1266) were as previously described . The relative gene expression was analysed by using the 2 -DDCT method (Livak and Schmittgen, 2001 ). The reference gene was gyrB and the reference condition was exponential phase of growth in TSB. Gene expression in TSA plates and in vivo is represented as the increment/decrement (folds) towards expression in TSB. For each analysis, three to five distinct biological replicas were done, and quantitative data were expressed as mean Ϯ SD. Values of fold change in gene expression above 2 or below 0.5 as determined by the 2 -DDCT method were considered significant.
